Abstract -Aims: We carried out an in vivo study to assess the relationship between increase in adiposity in the marrow and osteocyte apoptosis in the case of alcohol-induced bone loss. Methods and results: After alcohol treatment, the number of apoptotic osteocytes was increased and lipid droplets were accumulated within the osteocytes, the bone marrow and the cortical bone microvessels. At last, we found an inverse correlation between bone mineral density and osteocyte apoptosis and strong significant correlations between the osteocyte apoptotic number and lipid droplet accumulation in osteocyte and bone micro-vessels. Conclusion: These data show that alcohol-induced bone loss is associated with osteocyte apoptosis and lipid accumulation in the bone tissue. This lipid intoxication, or 'bone steatosis', is correlated with lipid accumulation in bone marrow and blood micro-vessels.
INTRODUCTION
Alcoholism constitutes a worldwide major health concern and it is well known that excessive alcohol consumption has catastrophic effects on many organs. In humans, it is generally considered that mild alcoholics drink >40 g of alcohol per day (i.e. up to half a bottle of wine per day, 15% of daily caloric intake in men and 20% of daily caloric intake in women), whereas severe alcoholics drink >100 g of alcohol per day (i.e. 35% of daily caloric intake in men and 45% of daily caloric intake in women) (Nyquist et al., 1996) . Liver damage being the most prevalent effect, few organs escape unscathed. Chronic alcohol consumption has a negative impact on bone health, and generally, it is considered that alcohol inhibits bone turnover (Rapuri et al., 2000a; Turner et al., 2001) , stimulates calcitonin production (Rico, 1990) and reduces the level of serum parathyroid hormone (Laitinen et al., 1992b; Rapuri et al., 2000b; Ilich et al., 2002) . Regarding bone mineral density (BMD) and/or bone fracture risk, alcohol has a bimodal effect depending on the dose ingested. In fact, moderate alcohol intake (one glass of alcohol per day in women, two glasses of alcohol per day in men) is associated with increased BMD (Rapuri et al., 2000a; Maurel et al., 2011) , while excessive chronic alcohol consumption is associated with bone loss and increased fracture risk (Turner et al., 2001; Chakkalakal, 2005; Chakkalakal et al., 2005) . Alcohol has been reported to decrease the bone density of trabecular and cortical bone compartments and to decrease the elastic modulus and ultimate strength, because of an imbalance in bone remodeling where osteoblast-supported bone formation is decreased (Hogan et al., 1999; Broulik et al., 2010) and serum leptin is decreased (Maddalozzo et al., 2009) . Alcohol has been shown to decrease osteoblast proliferation, the number of osteoblasts and osteoid formation (Schnitzler and Solomon, 1984; Klein et al., 1996) , and to modify bone metabolism resulting in osteopenia and osteoporosis (Laitinen et al., 1992a) . However, the influence of alcohol on the morphology and function of bone cells, such as osteocytes, has only been poorly reported and the detailed mechanisms responsible for this alcohol-induced bone loss
have not yet been understood (Lorenz and Janicke-Lorenz, 1983; Wang et al., 2003) .
Osteoporosis is considered a disease of older women with the rate, pattern and determinants of bone loss well defined. However, although osteoporosis is also reported in men, the available information on its pathophysiology is scanty (Dennison et al., 1999; Smith, 2002) . With the increasing global number of elderly people and the incidence of agespecific fractures, the health burden due to fragility fractures will increase. The three major causes of osteoporosis in men are excessive alcohol intake, long-term glucocorticoid therapy and hypogonadism (Kurland et al., 1997; Bilezikian, 1999) . These account for~50% of all the cases of male osteoporosis (Kurland et al., 1997) . Excessive chronic alcohol intake (Turner et al., 2001) has been shown to produce various free radicals, lipid peroxides and oxidative stress on many organs (e.g. plasma, liver, intestine, pancreas, brain and retina), which leads to cell apoptosis and finally to cell death. Triglyceride accumulation in bone marrow has been reported in alcohol-treated rodents (Wezeman and Gong, 2001; Maddalozzo et al., 2009) as well as in aseptic osteonecrosis (Rico, 1990) , but the mechanisms responsible for these changes have been elucidated incompletely. In 2003, Wang et al. (2003) first observed intracellular fatty deposits in osteocytes of previously alcohol-fed rabbits (10 ml/kg of body weight per day of 45% v/v alcohol, intragastrically, i.e. around 30% of the daily caloric intake). Concomitantly, they observed lipid hypertrophy and proliferation of adipocytes in the bone marrow (Wang et al., 2003) .
Although many studies have already reported the impact of alcohol-feeding on BMD, bone mineral content (BMC), bone micro-architecture, bone remodeling, bone strength and fractures (Hogan et al., 1997 (Hogan et al., , 1999 Sampson, 1998; Turner, 2000) , no study has assessed the precise relationship between osteocyte apoptosis and lipid deposits in bone. The aim of this study was to assess the causality between increase in adiposity in the marrow, appearance of lipid droplets in osteocytes and osteocyte apoptosis in the case of alcohol-induced osteopenia.
MATERIALS AND METHODS

Animals
Twenty-four 8-week-old male Wistar rats (Elevage Janvier, Le Genet-St-Isle, France) were acclimatized for 2 weeks and maintained in a controlled temperature (21 ± 2°C) environment and under 12 h/12 h light-dark cycles for the duration of the experiment. The rats were housed two per standard cage and provided with a commercial standard diet (M20, SDS, France).
Alcohol treatment
At 10 weeks of age, the rats were randomly assigned to one of the following groups: Controls (group C) or Alcohol at 35% v/v [10.7 g/kg, i.e. around 40% of daily caloric intake (Martin et al., 1978) ] (group A). The treatment protocol lasted 17 weeks. The rats of the A group had access ad libitum to a solution composed of ethanol and water. The percentage of alcohol in the solution began at 8% v/v and was progressively increased over 3 weeks by 3% v/v every 2-3 days up to a final concentration of 35% v/v, which was used over a period of 14 weeks. The food and the beverage were separated in order to better mimic the human drinking pattern. The quantity of food eaten was controlled in the A group and the total calorie intake (including calories from ethanol) was matched in the C group ( pair-fed group). The quantities of food and drink ingested were recorded weekly for both groups. In order to perform an in vivo analysis, the rats were anaesthetized with pentobarbital diluted in sodium chloride (50/50 v/v) . At the end of the study, all the rats were anesthetized with intra peritoneal pentobarbital sodium injections (0.1 ml per 100 g of body weight) and then killed by cardiac exsanguinations. Blood samples were collected and tibias were dissected free of connective and fat tissue and fixed in a 4% v/v formalin solution. The procedure for the care and killing of the animals was in accordance with the European Community standards on the care and use of laboratory animals. The study was approved by a board institution and an ethics committee (agreement n°C45-234-9 and 2011-11-2) from the French Institute INSERM (Institut National de la Santé et de la Recherche Médicale) and from the agriculture council (Ministère de l'agriculture, France, approval ID: INSERM45-001).
Measurement of alcohol level in blood
After collection, the blood was centrifuged and the plasma was frozen at −80°C. Blood alcohol level was assessed with an ethanol ELISA assay kit (Biovision, CA, USA). The detection range was 10-800 nM.
Body fat mass, lean mass, BMC and BMD measurements by DXA At the end of the protocol, lean mass, fat mass, BMC and BMD were measured by dual-energy X-ray Absorptiometry DXA (Discovery, Hologic, Bedford, MA, USA) using a specific small animal body composition mode calibrated with a defined small animal phantom. The root-mean square coefficient of variation was 3.8% for the whole body fat mass, 1.2% for the whole body lean mass, 1.2% for the whole body BMC and 0.87% for the whole body BMD (Lespessailles et al., 2010) .
Bone explant preparation for epifluorescence microscopy Slices (thickness around 400 µm) were cut transversally in the superior part of the tibia diaphysis with a high-speed rotary tool (Dremel 300, Dremel, USA). Two bone slices were immunostained for epifluorescence microscopy with cleaved caspase-3 (Rabbit mAb Asp 175, Cell Signaling Technology Inc., Danvers, MA, USA) and revealed by a secondary antibody Dylight TM 488 or Dylight 549 TM (Rockland Immunochemicals, Gilbertsville, PA, USA), as described by Vatsa et al. (2008) .
Epifluorescence images of osteocytes were obtained by using a Motic AE21 video camera attached to a BA400 epifluorescent microscope (Motic, Hong Kong) equipped with a halogen lamp and three fluorescent filters (460/50, 535/40 and 630/60 nm). The objective magnification was ×10. Seven rats from each group were analyzed. Five regions of interest (ROI) around the cortical bone were chosen and imaged for analysis of caspase-3 immunostaining. The size of each ROI was 300, 000 µm 2 so that the total cortical surface analyzed represented 1.5 mm 2 . The images were analyzed with the Image J software to determine the number of caspase-3 positive stained cells.
Two bone slices were stained with Nile red fluorescent hydrophobic dye, on the basis of the protocol published by Fowler and Greenspan (Fowler and Greenspan, 1985) . This Nile red dye can specifically detect neutral ubiquitous lipid deposits that are usually not seen with oil red O or other traditional fat stains . A stock solution of Nile red (1 mg/ml) was prepared in acetone and protected from light at 4°C. A working Nile red solution was freshly made by the addition of 50 µl of the stock solution to 10 ml of 75% glycerol, followed by a brisk mixing. A drop of this diluted Nile red solution was added to the samples placed on concave slides and then the slides were covered with a glass coverslip. After 5 min, the slice were examined by fluorescence microscopy with an adapted fluorescent filter (630/60 nm). The objective magnification was ×40. Seven rats from each group were analyzed. Five ROI around the cortical bone were chosen and imaged for analysis of Nile red staining. The size of each ROI was 30, 000 µm 2 so that the total cortical surface analyzed represented 0.15 mm 2 . The images were analyzed with the Image J software to determine the number of Nile red positive stained cells.
Section preparation, bright field microscopy and measurements Slices (thickness around 400 µm) were cut transversally in the superior part of the tibia diaphysis with a high-speed rotary tool (Dremel 300, Dremel, USA), and then 1-µm-thick sections were obtained using a microtome (Leica, Germany). Five rats from each group were analyzed for bright field microscopy. Two tibial slices per rat were stained with toluidine blue, with modifications as described by Trump et al. (1961) . The 1-µm-thick tissue preparations were analyzed by bright field microscopy. Images of cortical bone and bone marrow were acquired with an Axioplan (Zeiss, Germany) bright field microscope equipped with an 11.2 Color Mosaic camera (Diagnostic Instruments, USA). Images of the cortical bone were acquired at an objective magnification of ×40, while images of the bone marrow with lipid droplets colored in brown by toluidine blue were acquired at an objective magnification of ×20. For each rat, four ROIs were imaged. The ROIs were analyzed with the Image J software and measured~0.1 mm 2 so that the total region analyzed represented 0.4 mm 2 . The surface area of the luminal vessels (transverse crosssection) inside each ROI of the cortical bone and the intraluminal lipid surface area of the corresponding vessels were evaluated to estimate the proportion of lipid embolism of bone micro-vessels (intra-luminal lipid area over luminal vessel area, in %).
The surface area of the lipid droplets inside each ROI of the bone marrow and the total surface area of the corresponding bone marrow were determined to calculate the area fraction of lipid droplets in the bone marrow (total area of the lipid droplet surface over total area of the bone marrow surface, in %).
Transmission electron microscopy and measurements After cutting, the bone tibia sections for transmission electron microscopy (TEM) were fixed in formaldehyde 4% v/v, glutaraldehyde 1% v/v in 0.2 M sodium cacodylate buffer for 48 h. Cross-sectional slices were then decalcified in Ethylenediaminetetraacetic acid for 12 h. After decalcification, the specimens were washed in 0.2 M sodium cacodylate buffer. The samples were post-fixed in 1% osmium tetroxide, 1% tannic acid and then 1% uranyl acetate. The samples were embedded in Epoxy resin. Ultrathin (75 nm) sections of the tibia were cut with a Leica ultra microtome (Leica, Germany) from the 400-µm-thick slices, placed on EM grids, coated with Formwar membranes and stained with 4% w/v uranyl acetate (water solution, 20 min) and 1% w/v lead citrate (5 min). The sections were imaged with a JEM 1011 electron microscope (Jeol, Tokyo, Japan) equipped with a Gatan digital camera driven by the Digital Micrograph software (Gatan, Pleasanton, CA, USA). For each osteocyte observed, the surface of the intracellular lipid droplets and the cytoplasmic surface of the corresponding osteocyte were determined to calculate the proportion of the lipid vacuolar surface area occupied within the surface of the osteocyte cytoplasm area (%). The total number of osteocytes and the number of osteocytes containing lipid droplets inside each ROI were determined to calculate the overall proportion of osteocytes that contained lipid droplets (in %).
Confocal microscopy
The goal of confocal microscopy analysis was to visualize the Nile red staining in osteocytes and lacunar network in three-dimensional space. Confocal images of osteocytes were obtained by using a Zeiss Laser Scanning Microscope LSM 510 Meta confocal system attached to a Zeiss inverted microscope (Axiovert 200 M, Zeiss, Germany). A Zeiss 40× oil immersion objective lens was used with a numerical aperture of 1.3 and a working distance of 210 µm to acquire images. The tibia bone explants were excited by using two helium/ neon lasers at 549 nm to visualize Nile red staining. The emission wavelengths were collected at 600/40 nm. Sequences of x-y optical slices were collected as z-stacks. A single image of maximum projection was obtained from the z-stacks, by using the LSM Image Examiner software.
Statistics
The Statview software was used for the data analysis. First, we used the Shapiro-Wilks test to assess the normality of the data distribution. When the data normality was confirmed, Fisher's F-test was used to evaluate the homogeneity of the group variances. If the distribution was normal, Student's t-test was used to evaluate group differences. If the data were not normally distributed, non-parametric tests were used (U-test of Mann-Whitney). Pearson linear correlations were established between parameters. The critical level of significance was p < 0.05.
RESULTS
Alcohol treatment
We undertook an in vivo rodent study in which male Wistar rats, 8 weeks old at baseline, were progressively given from 8 to 35% v/v alcohol in drinking water over 3 weeks and then 35% v/v alcohol [10.7 g/kg of body weight per day, i.e. around 40% of daily caloric intake (Martin et al., 1978) ] over a period of 14 weeks (group A) and compared with control animals (group C) drinking tap water. The animals were healthy throughout the protocol. At the end of the protocol, the blood alcohol level was 57 mg/dl in A and 0 mg/dl in C.
Alcohol-induced bone loss
At the end of the study, we measured body weight and then lean and fat mass, using dual-energy X-ray absorptiometry. Compared with the C group, the A group had a lower body weight [(mean ± SD) 460.6 ± 48.5 vs. 649.8 ± 51.6 g, P < 0.0001], a decreased lean mass (385.9 ± 37.2 vs. 518.3 ± 22.3 g, P < 0.0001) and a decreased fat mass (59.2 ± 18.8 vs. 111.2 ± 37.8 g, P < 0.005). The whole-body BMC was lower (15.41 ± 0.94 vs. 20.27 ± 0.55 g, P < 0.0001) and the BMD was decreased (0.188 ± 0.005 vs. 0.209 ± 0.002 g/cm 2 , P < 0.002) by 10% in the A group compared with the C group. After adjustment for body weight, the whole body BMD remained very significant between the groups (P < 0.0001). By comparison, ovariectomy in female Wistar rats also induces a 10% decrease in the bone mass after 4 months (French et al., 2008) , consistent with the changes observed in women suffering from post-menopausal osteoporosis (French et al., 2008) . Therefore, these results confirmed that our chronic alcohol consumption model induces bone loss leading to osteopenia.
Alcohol-induced lipid intoxication and apoptosis in osteocytes After 14 weeks of alcohol consumption (35% v/v in drinking water), the apoptotic osteocyte number was dramatically increased in the A group compared with the C group [(mean ± SD) 186.2 ± 42.7 vs. 23.9 ± 7.2 caspase-3 positive osteocyte/ mm 2 , P < 0.001], suggesting that alcohol promotes osteocyte apoptosis. Within the cortical bone, the overall proportion of osteocytes that contained lipid droplets was considerably greater in the A group compared with the C group (95.5 ± 7.2 vs. 11.2 ± 13.1%, P < 0.001), as revealed in toluidine blue staining and TEM (Fig. 2) . This was also confirmed with Nile red staining: the overall proportion of osteocytes that were stained with Nile red was considerably increased in the A group compared with the C group (46.6 ± 12.8 vs. 12.8 ± 8.6%, P < 0.001). The Nile red staining imaged by confocal microscopy also revealed a strong accumulation of lipids all along the osteocyte dendritic network (Fig. 1) .
Furthermore, the proportion of the lipid vacuolar surface area present within the osteocyte cytoplasm surface area was also greater in the A group compared with the C group (39.9 ± 17.8 vs. 1.7 ± 3.1%, P < 0.001). These two results may be summarized as follows: chronic alcohol consumption induced the accumulation of lipid droplets into most osteocytes. This increased lipid deposit was also observed in both the bone marrow and the bone micro-vessels. Thus, the proportion of lipid droplets in the bone marrow (total lipid droplet surface area over total bone marrow surface area) was also greater (29.3 ± 13.0 vs. 4.1 ± 4.9%, P < 0.001) and the proportion of lipid embolism of bone micro-vessels (intraluminal lipid surface area over luminal vessel surface area) was larger (21.3 ± 15.5 vs. 0.2 ± 0.5%, P < 0.003) in the A group compared with the C group (Fig. 3) .
Then, we explored the potential relationship between osteocyte apoptosis and lipid accumulation in osteocytes, bone marrow and bone micro-vessels. We found strong and positive linear correlations between osteocyte apoptotic number and the proportion of osteocytes that contained lipid droplets evidenced by Nile red staining (r = 0.94, P < 0.001) or visualized by toluidine blue staining (r = 0.95, P < 0.001), the proportion of the lipid vacuolar surface present within the osteocyte cytoplasm (r = 0.97, P < 0.001), the proportion of lipid droplets in the bone marrow (total lipid droplet surface area over total bone marrow surface area) (r = 0.65, P < 0.02) and the proportion of lipid embolism of bone micro-vessels (intra-luminal lipid surface area over luminal vessel surface area) (r = 0.83, P < 0.005).
DISCUSSION
In summary, we have shown that chronic alcohol consumption induces bone loss leading to osteopenia and induces a Fig. 1 . Caspase-3 positive osteocyte staining and Nile red positive staining in alcohol-treated animals (A) and control animals (C). Tibia slices were cut with a rotatory tool (300-400 µm) and immunostained with cleaved caspase-3 (apoptosis marker) revealed with secondary antibody anti-rabbit 549 as described by Vatsa et al. (2008) . The slices were imaged with epifluorescence microscopy (×10). Other tibia slices were cut with a rotatory tool (300-400 µm) and stained with Nile red (lipid marker) diluted in acetone and glycerol, as described by Fowler and Greenspan . The slices were imaged with a Zeiss Laser Scanning Microscope LSM 510 Meta confocal system attached to a Zeiss inverted microscope (40× oil immersion objective). The emission wavelengths were collected at 600/40 nm. We observed a 10-fold increase in osteocyte apoptosis in A compared with C (186.2 ± 42.7 vs. 23.9 ± 7.2 caspase-3 positive osteocyte/mm2, P < 0.001). There was also significantly more osteocytes stained with Nile red in the A group than in C (46.6 ± 12.8 vs. 12.8 ± 8.6%, P < 0.001). Interestingly, we found Nile red staining in the osteocytes, the dendrites and the lacuno-canalicular network in A. *Means significant difference between A and C (P < 0.05).
massive osteocyte apoptosis likely related to lipid accumulation into the bone tissue. Chronic heavy alcohol consumption (35% v/v) led to lower whole-body BMC and density (BMD) compared with the control group, indicating that this alcohol-feeding treatment is an accurate model of induced osteopenia. The difference in BMD was still significant after adjusting for body weight. Therefore, the lower BMD is due in part to ethanol effects and not only to a difference in body weight. These effects of alcohol on BMC, BMD and lower bone accrual have been reported previously .
Osteocyte apoptosis was significantly increased in the alcohol-fed rats (A) compared with the control rats (C), as revealed by the cleaved caspase-3 staining and by TEM. Cleaved caspase-3 is a caspase effector required for regulated cell death (Cardoso et al., 2009) . We found a 10-fold increase in the cells stained with cleaved caspase-3 in the A group compared with C. Increased osteocyte apoptosis has been previously reported in femoral heads from patients undergoing total hip arthroplasty and suffering from alcohol-induced osteonecrosis (Calder et al., 2004; Youm et al., 2010) , in mice after ovariectomy (Emerton et al., 2010) , in rats after bone fatigue (Cardoso et al., 2009 ) and also after treatment with glucocorticoids (O'Brien et al., 2004; Kim, 2010) . Therefore, alcohol seems to increase the speed of bone cell turnover, as shown by the increase in osteocyte apoptosis.
Alcohol increases serum triglyceride and cholesterol levels (Hungerford and Lennox, 1985) , promoting the production of many fatty vesicles in the circulation leading to microvessel embolism. This is confirmed by our results according to which the proportion of lipid embolism of bone microvessels was dramatically increased in our alcohol-treated group. This partial embolism (around 20% of the vascular lumen) may induce a progressive and local ischemia (Wang et al., 1981; Hungerford and Lennox, 1985; Jones, 1985) that Fig. 2 . Number of osteocytes containing lipid droplets and lipid droplet content in terms of percentage of the cytoplasm surface area in alcohol-treated animals (A) and control animals (C). Tibia slices were cut with a rotatory tool (300-400 µm) and then 1-µm-thick sections were obtained using a microtome. The tibia slices were stained with toluidine blue, with modifications as described by Trump et al. (1961) . One-micron-thick tissue preparations were analyzed by bright field microscopy (×40). Ultrathin (75 nm) sections of the tibia were cut with a Leica ultra microtome (Leica, Germany) from the 400-µm-thick slices, placed on EM grids, coated with Formwar membranes and stained with 4% w/v uranyl acetate (water solution, 20 min) and 1% w/v lead citrate (5 min). The sections were imaged with a JEM 1011 electron microscope. The surface of the intracellular lipid droplets and the cytoplasmic surface of the corresponding osteocyte were determined to calculate the proportion of the lipid vacuolar surface area occupied within the area of the osteocyte cytoplasm surface (%). The total number of osteocytes and the number of osteocytes containing lipid droplets inside each ROI were estimated to determine the overall proportion of osteocytes that contained lipid droplets (in %). We observed significantly more osteocytes containing lipid droplets in A than in C (95.5 ± 7.2 vs. 11.2 ± 13.1%, P < 0.001) (arrows) and the overall proportion of lipid droplets in the cytoplasm was also greater in A than in C (39.9 ± 17.8 vs. 1.7 ± 3.1%, P < 0.001). *Means significant difference between A and C (P < 0.05).
may promote our observed increase in osteocyte apoptosis after alcohol treatment. This partial embolism of microvessels was strongly correlated with osteocyte apoptosis. High-fat diet and leptin resistance lead to high serum triglycerides and cholesterol (Volcker et al., 1978; Zoth et al., 2010; Ludgero-Correia et al., 2012) . These conditions also lead to high body mass (Hariri and Thibault, 2010; Shikany et al., 2010) , but not necessarily to high bone mass. High body weight results in increased BMD and stronger bones in lean and normal weight adults (Reid, 2010) but in adults, obesity and metabolic syndrome increased fracture risk and inverse relationship between percent body fat and BMD have been found (Ronis et al., 2011) . This has also been reported in mice and in rats (Cao et al., 2009; Chen et al., 2010) . Competing mechanisms other than mechanical loads seem to interact with bone, such as adipokines secreted by adipose tissue (Ronis et al., 2011) . In fact, Karsenty and Oury (2010) have found that leptin, a hormone secreted by fat cells, which increases with obesity, can act centrally via the suppression of serotonin synthesis in the brain to suppress bone accrual via adrenergic actions on the osteoblasts to induce receptor activator of nuclear factor kappa-B ligand. Furthermore, direct actions of adipose-derived factors on bone turnover and bone cell differentiation play a role. In fact, co-cultures of marrow stromal cells and intra-abdominal adipose tissue showed suppression of osteoblast differentiation (Kawai and Rosen, 2010) .
Regarding osteocyte apoptosis in high-fat diet and leptinresistant models only one study has described the effects of a mixture inhibiting cholesterol biosynthesis (named D-003) on the lifespan of bone cells in a rat model (Mendoza et al., 2005) . This mixture significantly increased osteoclast apoptosis and reduced osteoblast and osteocyte apoptosis vs. controls, which prevented bone loss and bone resorption. Therefore, high cholesterol and abnormal fat transport could be associated with increased osteocyte apoptosis, which would explain the reported decreased bone mass (Kawai et al., 1980) . In this study, marrow lipid proportion was increased in the alcohol-treated animals and also strongly correlated with osteocyte apoptosis. This increase could induce intra-osseous venous stasis and intra-osseous hypertension, decreasing arterial perfusion and obstructing the venous system in a 'semi-intact bony compartment' (Wang et al., 1981; Hungerford and Lennox, 1985) . This could induce marrow edema and also ischemia, once again leading to necrosis of Fig. 3 . Lipid content of bone marrow and bone micro-vessels in alcohol-treated animals (A) and control animals (C). Tibia slices were cut with a rotatory tool (300-400 µm) and then 1-µm-thick sections were obtained using a microtome. The tibia slices were stained with toluidine blue, with modifications as described by Trump et al. (1961) . Images of the bone marrow (×20) and the bone micro-vessels (×100) were obtained with bright field microscopy. The lipid droplets were colored in brown by toluidine blue (arrows). The intra-luminal lipid area over luminal vessel area (%) was quantified, as the surface area of lipid droplets inside each ROI of the bone marrow. The lipid proportion inside the bone marrow was significantly greater in A than in C (29.3 ± 13.0 vs. 4.1 ± 4.9%, P < 0.001). The intra-luminal lipid area in the micro-vessels was also significantly higher in A than in C (21.3 ± 15.5 vs. 0.2 ± 0.5%, P < 0.003). *Means significant difference between A and C (P < 0.05).
bone cells (Wang et al., 1981; Hungerford and Lennox, 1985; Jones, 1985) . TEM and Nile red staining were used to define the ultrastructural changes in osteocytes (Kawai et al., 1985) , which showed lipid droplets after chronic alcohol consumption, finally resulting in the formation of vacuolated vesicles. Furthermore, this Nile red dye was used because it can specifically detect neutral ubiquitous lipid deposits . We also found that the proportion of osteocytes that contained lipid droplets and the proportion of the lipid vacuolar surface present within the osteocyte cytoplasm were strongly correlated with osteocyte apoptosis. These lipid droplets may compress the nucleus to one side of the cytoplasm [as observed in TEM (Fig. 2) , resulting in discontinuities of the cell membrane followed by cell disruption and culminating in osteocyte apoptosis (evidenced by capase-3 staining]. This lipid deposition does not usually occur in osteocytes, except micro-lipid droplets in some immature osteocytes or osteoblasts (Kawai et al., 1985) and small lipid droplets occasionally observed in immature cells or osteoblasts in the vicinity of the Haversian canal (Enlow et al., 1965) . Lipid droplets that were observed by TEM in osteocytes appeared as low-electron density particles or as electron-lucent droplets. These lipid droplets are triglycerides, consisting of saturated fatty acids (Ghadially et al., 1970) . From past studies of the cellular accumulation of lipids in other sites (Heimann and Freiberger, 1960; Isselbacher, 1965) , the mechanism of lipid accumulation in the osteocytes may follow two pathways: (a) lipolysis at the cell surface or in the extracellular environment may be followed by the uptake of fatty acids through the cell membrane and dendritic membranes in canaliculi, and triglycerides are Fig. 4 . Osteocyte apoptosis and lipid intoxication: a 'bone steatosis' concept (an extrapolation to human bone). To explain the alcohol-induced apoptosis and lipid intoxication of bone cortical osteocytes observed in rat samples, we propose the concept of 'bone steatosis' that can be explained as follows: (1) high-dose (e.g. >30% of daily calorie intake) chronic alcohol consumption could promote the synthesis of lipids and triglycerides into the liver; (2) lipids circulate into the bloodstream; (3) they reach the osteocyte lacunae through dendrites in canaliculi where they pass the cell bilayer membrane by passive permeability; (4) lipids are then degraded (lipolysis) into small particles and taken up into the osteocyte cytoplasm where they accumulate in the form of lipid droplets (as observed with TEM); (5) accumulation of lipid droplets promote the osteocyte apoptosis; (6) lipid droplets accumulate into the bone micro-vessels (as observed with toluidine blue staining showing a tight communication between osteocytes and endothelial vascular cells via the canalicular dendrites of the osteocyte network); (7) the number of lipid droplets present in the bone marrow dramatically increases; (8) all these phenomena are part of the alcohol-induced lower BMD revealed in the alcohol-fed group (white histogram), compared with the control-fed group (black histogram). This concept is an extrapolation to human bone from our observations in the rat, whereas these two species exhibit some differences regarding bone physiology (small Haversian system in the rat, concomitant modeling and remodeling activities in the rat).
then re-synthesized within cells; or (b) uptake of small droplets via micro-pinocytotic vesicles or of larger droplets by means of entrapment by cell processes ( pinocytosis). However, our observations have not revealed pinocytotic vesicles on the surface of osteocytes or the engulfment of lipids by the cell membrane. In view of these considerations, the most reasonable hypothesis may be that fatty acids or their component parts may leak out of the blood vessels in the abnormal state of alcohol intoxication and reach the osteocyte lacunae through dendrites in canaliculi (as observed with the Nile red staining in confocal microscopy in osteocytes and dendrites, Fig. 1 ) (Kawai et al., 1985) . Finally, a process broadly described as 'lipotoxic' has been reported in several organs such as for the pancreas, heart and liver, where lipid accumulation in these non-adipose cells can cause cell dysfunction or cell death via apoptosis (Shimabukuro et al., 1998; Unger, 2003; Dulloo et al., 2004) . In particular, this excessive accumulation of triglycerides within hepatocytes is one of the characteristics of the fatty liver disease or hepatic steatosis, and promotes the lipid-loaded cell apoptosis (Ji, 2008) . On the basis of published works (Kawai et al., 1985; Shimabukuro et al., 1998; Unger, 2003; Dulloo et al., 2004; Ji, 2008) and this study, we have proposed a concept of 'bone steatosis' to explain the alcohol-induced apoptosis and lipid intoxication of osteocytes in cortical bone (Fig. 4) . In this hypothesis of 'bone steatosis', high-dose (e.g. 38% of daily caloric intake) chronic alcohol consumption could promote the synthesis of lipids and triglycerides into the liver (Diraison et al., 2003; Choi and Diehl, 2008) . These lipids circulate into the bloodstream and reach the osteocyte lacunae through dendrites in canaliculi, where they pass the cell bilayer membrane by passive permeability without forming endocytosis buds or vesicles. They are then degraded (lipolysis) into small particles and taken up into the osteocyte cytoplasm, where they accumulate in the form of lipid droplets and finally promote osteocyte apoptosis.
In comparison with humans, rat bones exhibit a rare Haversian system and lack well-developed Haversian remodeling system (Hillier and Bell, 2007; Lelovas et al., 2008) . In the rat skeleton, some bones retain lifelong growth and do not fuse epiphyses. Many long bone epiphyseal growth plates in male rats remain open past 30 months, while in contrast, bone elongation at other sites like the proximal tibia and distal tibia would cease at 3 months in a female rat (Jee and Yao, 2001) . Regarding the modeling process, the rat skeleton shows a gradual transition from modeling to remodeling that is related to age progression in both the cancellous and the cortical bones. In the cancellous bone of the lumbar vertebrae, this transition is evident at the age of 3 months, whereas in the proximal tibial metaphysis, this transition takes place from 6 to 9 months of age. In addition, in the endocortical bone of the lumbar vertebrae and the proximal tibial metaphysis, this gradual transition happens at the age of 3-6 months and 9-12 months, respectively. Then the prevailing activity in the cancellous and the cortical bones in the lumbar vertebral body and proximal tibial metaphysis in the rat skeleton, after the age of 12 months, is remodeling (Lelovas et al., 2008) . In our study, the rats were 7 months old at the time of the sacrifice so there was probably modeling and remodeling happening at the same time.
This 'bone steatosis' hypothesis could be challenged by injecting radioactive or fluorescent molecules that would fix on the lipid droplets or their precursors, as already described in other tissues (Lutton et al., 1990; Goutayer et al., 2010; Hang et al., 2011) . Video tracking could also be used to assess lipid droplets intracellular transport (Savage et al., 1987; Jungst et al., 2011) . However to our knowledge, this has never been realized in bone. Thirdly, osteocyte cell cultures could be done with an environment enriched in lipid droplets to validate or disprove our hypothesis.
